Pioneer transcription factors are coined as having the unique property of "opening closed 25 chromatin sites" for implementation of cell fates. We previously showed that Pax7 26 pioneers pituitary melanotrope cell identity through deployment of an enhancer repertoire: 27 this allows binding of Tpit, a nonpioneer factor that drives terminal differentiation of 28 melanotropes and the related corticotropes. Here, we used scRNAseq and chromatin 29 accessibility profiling to define shared and cell-specific gene expression programs and 30 chromatin landscapes in these lineages. Pax7-and Tpit-deficient pituitaries fail to deploy 31 the melanotrope enhancer repertoire indicating that both factors Pax7 and Tpit are 32 required for chromatin opening. Finally in cells, binding of heterochromatin targets by 33 Pax7 is independent of Tpit but Pax7-dependent chromatin opening requires Tpit. The 34 present work shows that pioneer core properties are limited to the ability to recognize 35 heterochromatin targets and facilitate nonpioneer binding. Chromatin opening per se may 36 be provided through cooperation with nonpioneer factors. 37 38
Introduction 39
In development, cell differentiation leads to establishment of cell identities through the 40 sequential action of transcription factors (TFs) acting as specification or determination is subject to cell-type specific regulation and can be used as a surrogate phenotypical 174 readout. Strikingly in a Pax7-/-background, melanotropes express the EGFP transgene 175 at the same level as in AL corticotropes ( Figure 3D , E). Melanotropes are also typically 176 larger and have a more complex organelle content than corticotropes as assessed by 177 forward and side scatter distributions in FACS profiles and this is also lost in Pax7-178 deficient mice ( Figure S3A, B) . Thus, all three melanotrope features (high POMC 179 expression, large cell size and granularity) are fully dependent on Pax7 and virtually all 180 melanotropes switch to a corticotrope phenotype in Pax7-/-mice ( Figure 3F ). However, 181 the proportion of total EGFP-positive cells in AL or IL is not affected by loss of Pax7 182 ( Figure 3G ). Thus, Pax7 implements melanotrope but not the shared POMC cell identity 183 which is under the control of Tpit (Pulichino et al., 2003) .
184
Pax7 and Tpit are required for opening cognate lineage-specific enhancer 185 landscape 186 We next sought to uncouple the specific roles of Pax7 and Tpit for implementation of the 187 shared and melanotrope-specific chromatin landscapes. To do so, we performed 188 ATACseq on IL cells from mice of genetic backgrounds lacking one or both alleles of Pax7 189 and/or Tpit. We used Pax7 and Tpit double heterozygote littermates as control; these 190 show minimal differences compared to wild-type animals ( Figure S4 ). We found that 191 melanotrope-specific peaks ( Figure 2B Figure 4B ). This suggests that Tpit is involved in the pioneering 196 process of the shared POMC lineage enhancers. For example, POMC gene expression 197 critically relies on Tpit and accordingly, both its promoter and enhancer accessibility 198 strongly depend on Tpit but not on Pax7 ( Figure 4C ). This is also true for the promoter of 199 POMC-specific gene Tnxb and the Tpit-dependent enhancer 200 of the Creb3l2 gene ( Figure 4C ). Thus, Tpit is required for opening the shared POMC 201 regulatory modules while Pax7 is only required for melanotrope enhancers.
202
Tpit is required for Pax7-dependent chromatin opening 203 In order to define and compare the Pax7 and Tpit-dependent ATACseq landscapes, we 204 performed differential enrichment analysis (p<0.05 and fold changes >2) and found 16024 205 sites altered in Tpit-/-IL ( Figure 5A ). Most changes are decreased accessibility (12573 206 sites) and these show greater quantitative differences compared to sites with increased 207 accessibility (3451 sites). Analysis of these Tpit-dependent sites revealed two subsets, 208 one dependent and one independent of Pax7 ( Figure 5B ). In both Tpit-dependent 209 subsets, chromatin accessibility in Pax7-/-;Tpit-/-IL is the same as in Tpit-/-. In order to 210 ascertain the reliability of these analyses, we validated dependence on Pax7, Tpit or both 211 by qPCR analyses of three independent ATACseq libraries of each genotype ( Figure S5 ). 212 Principal component analysis using all Tpit-regulated sites shows that most of the 213 variance between samples (77%) is explained by component 1 (Figure 5C ). Consistent 214 with the heatmaps of Figure 5B , wild-type and Pax7+/-;Tpit+/-cluster together while Pax7 215 knockout are between wild-type and Tpit knockout samples. Thus, a subset of Tpit 216 chromatin targets are also dependent on Pax7. We then focused on Pax7-dependent 217 chromatin access to assess whether co-dependency on Tpit and Pax7 is a general 218 feature of Pax7-dependent sites. We found 7057 Pax7-dependent sites ( Figure 5D ): most 219 changes are decreased accessibility (6112 sites) and these are greater effects compared 220 to increased sites (945 sites). Strikingly, and unlike Tpit-dependent accessibility, virtually 221 all Pax7-dependent sites are also dependent on Tpit ( Figure 5E ). Accordingly, principal have a greater impact on accessibility than the loss of Tpit alone.
228
To assess the biological basis of this co-dependency, we focused on the Pcsk2 gene, 229 encoding the PC2 protein, a hallmark of melanotrope identity. We previously showed Figure S5G ). In accordance with the role of Pax7 for Pcsk2 expression in melanotropes, 236 we found that this TAD-wide chromatin opening doesn't occur in Pax7-/-animals.
237
Consistent with our previous observation that Pax7-dependent access also depends on 238 Tpit, chromatin opening within this TAD does not take place in Tpit-/-and in Pax7-/-;Tpit-239 /-animals. Thus, Tpit is required for opening of the Pcsk2 TAD. It is noteworthy that Pcsk2 240 is also expressed, albeit at low levels, in gonadotropes ( Figure 5H ). This gonadotrope 241 pattern of Pcsk2 expression is also found in the Tpit-/-IL cells that have switched fate 242 (Budry et al., 2012) ; these cells occupy the dorsal side of the Tpit-/-mutant IL ( Figure 5I ).
243
In contrast, the ventral side of the same Tpit-/-IL harbors Pax7-positive cells that fail to 244 express Pcsk2 ( Figure 5I ). This confirms that Pax7 functionally requires Tpit to establish 245 melanotrope identity. In order to reveal the contribution of Tpit to chromatin pioneering by Pax7, we compared 262 the impact of Pax7 expression in two different pituitary cell lines, one that expresses Tpit 263 (AtT20) and one that does not (αT3). In agreement with expression data, the Tpit locus 264 exhibits ATACseq signals in AtT20 cells but not in αT3 cells ( Figure 6B ) whereas the 265 locus for the gonadotrope-specific regulator SF1 presents ATACseq signals in αT3 but 266 not in AtT20 cells ( Figure 6C ). 267 We looked at the chromatin accessibility by ATACseq before/after Pax7 expression Figure 6E ). We identified a 284 subset of heterochromatin Pax7-bound sites based on their ability for Tpit binding after 285 Pax7 expression; these sites are not bound by Tpit in absence of Pax7 ( Figure 6F ) and 286 become accessible in presence of Tpit and Pax7 ( Figure 6G ). It is noteworthy that only 287 these newly accessible sites contain the Tpit DNA binding motif ( Figure 6H ). This 288 suggests that Pax7-dependent Tpit binding also depends on the Tpit DNA motif. 289 Notwithstanding, Pax7 and Tpit interact directly in vitro as shown in pull-down assays 290 ( Figure 6I ). The interaction between the two factors may also contribute to their 291 cooperation. This suggests that Pax7`s ability to bind strongly to closed chromatin is not 292 dependent on cell specific factors and that stable binding is not sufficient to drive Pax7 and Tpit, the former recognizes and engages pioneering sites and the latter 301 provides the chromatin opening ability. Indeed, we show that Tpit is required for chromatin 302 opening at sites that must first be pioneered by Pax7, and we did not find evidence for 303 the reverse. While we envision that this is made possible by Tpit-dependent recruitment 304 of chromatin remodeling machineries, the finding clearly circumscribes the unique 305 features of the Pax7 pioneer function. Namely, the unique aspect of pioneer action is the 306 ability to bind DNA sites within closed chromatin that are inaccessible to probing by 307 techniques such as ATACseq; this appears to be a property shared with other pioneers such as Sox2, NeuroD1 ( Figure 6A ) in contrast to nonpioneer factors such as Tpit or 309 Pitx1.
310
For Pax7, we have shown that this initial binding to closed heterochromatin ( Figure 7A ) 311 is rapid (within 30 min, Figure 7B ) and that the first detectable change in chromatin 312 structure at these binding sites is revealed by stabilization (within 24 h, Figure 7C Figure 7E ). It would thus be the combined interaction of Pax7 with 320 Tpit together with the latter's ability to bind its DNA site exposed through the initial action 321 of Pax7 that altogether would lead to completion of pioneer action with Tpit bringing in the 322 chromatin remodeling ability ( Figure 7E ). With these interdependent functions, the 323 cooperation between pioneer and nonpioneer factors provides robust stringency and a 324 fail safe mechanism for triggering chromatin opening at a very specific subset of Pax7 All ATACseq samples were processed as previously described . Figure 2B . Peaks from all datasets from the various 633 genotypes of Pax7 and Tpit knockout ILs were merged together using HOMER v4.9.1 634 mergePeaks tool to obtain a file with all unique IL positions from all ATACseq datasets.
635
ATACseq signals were quantified in these different datasets using the analyzeRepeats.pl 636 HOMER command and differential accessibility analyses was performed using ChIPseq. We mapped ChIPseq reads on the mouse genome assembly mm10 by using 641 Bowtie v1.1.2 with the following settings: bowtie -t -p 4 --trim5 1 --best mm10 -S. Sam 642 files were converted into tag directories using HOMER v4.9.1 and into bam files using 643 Samtools v1.4.1 view function. Peaks were identified by comparing each sample to its 644 control (IP Flag for Pax7, IP IgG for others) using MACS v2.1.1.20160309 callpeak 645 function using the parameters: --bw 250 -g mm --mfold 10 30 -p 1e-5. Peaks with an 646 associated p value less than 10 -5 were kept. AtT-20 aT3 Figure S6 
